We analyze the far UV and Str omgren u photometric data of the globular cluster ! Cen presented in an earlier paper (Whitney et al. 1994) . The color-magnitude diagram of the cluster from these two bands shows that ! Cen's horizontal branch (HB) consists of a group of cooler intermediate blue HB (IBHB) and a group of extreme HB (EHB) stars, together with a large population of post-HB stars. Unexpected features in the diagram are a discontinuity between the EHB and IBHB objects lying at (FUV ? 3500) 0 ?1:5; an unusually large population of stars below the EHB; and a number of sources bluer than an in nite temperature blackbody.
Introduction
Globular cluster horizontal branches (HB) can be used to derive cluster parameters such as helium abundance, cluster distances and ages as well as to test stellar structure and evolution models (for reviews see Renzini & Fusi Pecci 1988 and VandenBerg, Stetson & Bolte 1996) . The \canonical" HB model is a sequence of stars with He-burning cores and hydrogen-burning shells which has constant core mass and varying envelope mass (Iben & Rood 1970) . The variation in envelope mass is due to mass loss during the red giant phase which has to be invoked to match cluster color-magnitude diagrams with theoretical HB models (Iben & Rood 1970; Faulkner 1972; Lee, Demarque & Zinn 1990 Catelan 1993; Catelan & de Freitas Pacheco 1993) . Some cluster HBs can be understood by assuming mean mass loss on the red giant branch of about 25% ( 0:2 M ) with a 1 spread of about 5% (Rood 1973 ).
The distribution of HB stars in temperature, or the \HB morphology" can possibly yield information on mass loss and other parameters that a ect HB morphology. Early work (Arp, Baum, & Sandage 1952; Arp 1955) found that a great diversity exists in HB morphology. Observations by Sandage & Wallerstein (1960) indicated that the dominant parameter determining the morphology of the HB is metallicity. However, for clusters of similar metal abundance, the HBs can be very di erent. This is attributed to a so-called \second parameter" (e.g., Sandage & Wildey 1967) . Parameters such as C + N + O=Fe], stellar core rotation, and cluster age may directly a ect the distribution of stars on the HB; additionally, cluster concentration is observed to correlate with HB morphology indicators (Faulkner 1966 , Sandage & Wildey 1967 , Rood 1973 , Renzini 1977 , Demarque 1980 , Rood & Seitzer 1981 , Buonanno et al. 1985 , Zinn 1986 , Renzini & Fusi Pecci 1988 , Fusi Pecci et al. 1993 . Of these second parameter candidates, none by itself explains every second parameter case, and all may play a role to some degree.
Beyond the color distribution on the HB, other morphological structures are of interest. The HB stars often do not present a smooth, continuous population. Gaps or discontinuities occur, as in NGC 6752 (Cannon 1981 , Buonanno et al. 1986 Ferraro et al. 1997) , M15 (Buonanno et al. 1985 , Crocker et al. 1988 , NGC 288 (Crocker et al. 1988) , NGC 2808 (Sosin et al. 1997) , NGC 362 ) and ! Cen (Bailyn et al. 1992 , Whitney et al. 1994 . Other populations exist near the HB. Supra-HB stars, more luminous than the HB but hotter than the red giants, have been observed in most globular clusters (de Boer 1987) . Post asymptotic giant branch (P-AGB) stars account for a small part of the supra-HB population (with L bol > 3:2 L ), but the larger portion is most likely composed of post early asymptotic giant branch and \AGB-manqu e" stars, which evolve from the hottest or \extreme" HB (EHB) stars (Greggio & Renzini 1990 , Dorman et al. 1993 . Sub-HB stars are also possible; for example, the brightest blue stragglers approach the luminosity of the HB at T e 8500 K: Stars below the HB at higher e ective temperatures (T e > 12000 K) may exist as well, although their evolutionary status is uncertain (Whitney et al. 1994 , Cacciari 1994 .
In an earlier paper (Whitney et al. 1994 , hereafter Paper I) we presented far ultraviolet (FUV ) photometry ( 1600 A) of nearly 2000 hot stars in ! Cen (NGC 5139) obtained by the Ultraviolet
Imaging Telescope (UIT) on the Astro-1 mission. Because far-UV imaging is very sensitive to hot stars while suppressing the more numerous cooler main sequence and giant stars, we obtained a complete sample of stars near or above the HB in ! Cen for T e > 9000 K. We combined our FUV photometry with ground-based Str omgren u CCD photometry to produce a UV-optical color-magnitude diagram (CMD). The resulting EHB and supra-HB sample is the largest yet identi ed in a globular cluster and lends itself to statistical analysis better than any other. In this paper, we examine structure in this CMD in more detail, using recent theoretical models and newly developed population simulation techniques. Synthetic populations comprising of a nite number of discrete \stars," placed at random HB ages (since arrival on the zero-age HB or \ZAHB") along many theoretical tracks are frequently used to model and interpret globular cluster HB observations. This \discrete point" technique generates density predictions for HB populations and is successful in portraying the e ects of varying input parameters of the HB population. Lee et al. (1994) produce synthetic HB populations using evolutionary tracks and a range of input parameters for metal abundance, age, mass loss, He abundance, etc. Complementary to the discrete point HB method, continuous population simulations were studied by Bono et al. (1991) . This method produces a HB population with arbitrary size in the form of a Hess Diagram (Hess 1924) , which is an \image" of the CMD where the intensity or contour levels correspond to the local population density. This population simulation technique has been successful in comparing theoretical models with observed data sets, and the interpretation of observational data of both HB and post-HB populations , Rood, Whitney & D'Cruz 1997 . It o ers the advantage of being able to use standard imageprocessing techniques to manipulate the observed or simulated CMD's.
Earlier CMD simulations employed single metallicity stellar evolutionary tracks, since nearly all globular clusters have almost constant metal abundance. ! Cen, however, has a spread in metal abundance (Woolley 1966) . In this sense, its population is intermediate between that of a globular cluster and a galaxy. Accordingly, we expand upon the earlier theoretical Hess diagram simulations here by producing a composite population covering the range of the cluster's observed metal abundance, and we investigate whether unusual structure in the ! Cen HB can arise from the e ects of a distribution in red giant branch (RGB) mass loss rates (D'Cruz et al. 1996) .
In x 2 we review the observations and the issues raised. In x 3 the possible e ects of the assumed values of reddening, distance, and metallicity mixtures on interpretation of the CMD are discussed. Possible dynamical e ects leading to radial gradients in the populations of the cluster are discussed in x 4. We present population simulations over a range of metallicity for a comparison to the data in x 5. In x 6 we summarize our results and conclusions.
Far-UV and Stromgren u Observations of ! Cen
In Paper I we presented FUV data of ! Cen collected by UIT during the Astro-1 mission of December 1990. UIT is a 38 cm Ritchey-Chr etien telescope with a focal ratio of 9.0. It uses a two-stage image intensi er coupled to Kodak IIa-O lm. Flat elding, ux calibration and standard image reduction for UIT is described by Stecher et al. (1997) . The ! Cen data was collected in the far-UV, using UIT's B5 lter ( 0 = 1620 A, = 225 A). Exposure time was 291 seconds. A total of 1957 FUV sources brighter than a monochromatic FUV magnitude of 16.4 was detected on the 40 0 diameter image 2 . The absolute ux scale for these observations was determined from two isolated stars within the UIT frame which were previously observed by the International Ultraviolet Explorer (IUE).
To provide color information, a 900 s Str omgren u CCD image of the cluster center was also taken at CTIO (Cheng et al. 1995) . Matches for 1456 of the FUV sources were found. Most of the unmatched FUV sources are outside the 15 15 0 eld of the Str omgren u CCD image. The UV-optical matches were agged for quality with regard to the image crowding on each frame and positional match. A total of 789 stars were agged as highest quality matches. Where possible, FUV sources were also matched with optical V , B ? V data from Dickens et al. (1988) , which is complete to V = 16 for radial distance R > 3 0 from the center. The Dickens data match 511 FUV sources; 319 sources are in all three data sets. Dorman et al. (1993) have been superimposed upon the data assuming a distance modulus of (m ? M) 0 = 13:57. The models cover HB and post-HB evolution for stars with envelope masses down to 0:003 M and cover the ZAHB at a number of well spaced intervals. Preliminary analysis in Paper I included comparisons only to this single metallicity.
Based on theoretical expectations and the morphology in the CMD, the hot population of ! Cen can be divided into two major groups. The rst includes core He burning stars: the \normal" blue HB stars and the EHB, and probably the sub-HB stars, which constitute the bulk of the hot population in the largest continuous CMD structure. The second group includes the supra-HB stars and the very blue stars, either more luminous or bluer than the HB stars; these are probably post-HB, double-shell burning objects.
Several interesting features are apparent in the CMD, including: (1) sequence formed by the other stars. They are 10 (photometric statistical errors) beyond the end of the HB. Thorough scrutiny of these detections in both frames yields no alternative matches, and we thus conclude that these objects which are bluer than any possible thermal source may be emission line objects. As illustrated in the lower panel of Figure 1 , the location of the supra-HB population qualitatively agrees with the theoretical stellar evolutionary tracks taken from Dorman et al. (1993) . These stars are post-HB objects, either evolving to the right in the CMD towards the cool AGB, or AGB-manqu e stars, evolving upwards without reaching the AGB. Quantitative discussion of this population and comparison to the theoretical population simulations are given in x 4 and x 5.
Feature (2), the discontinuity, stands out plainly in the data, and was also noted at the same temperature in the smaller ground-based dataset of Bailyn et al. (1992) . This gap separates the normal blue HB from the extreme HB (EHB) stars in ! Cen. In x 5 we investigate the statistical signi cance of the discontinuity. There are several possible explanations for it, including: (i) a distinct population on the blueward side, arising di erently from the remaining HB population; (ii) natural divergence of evolutionary tracks from that region; or (iii) an initial mass distribution for the HB which leaves that region underpopulated.
Feature (3), the EHB stars fainter than the ZAHB, may be a distinct population, possibly linked to the HB gap, or may have another origin, such as an error in the photometry, evolutionary models, stellar atmosphere models, or reddening values. They do not correspond to any know cluster population like an extended blue straggler sequence (which would be much cooler|see O'Connell et al. 1997 . Feature (4), the population bluer than the hot end of the HB, has two possible origins: First is photometric scatter. However, most of these stars are more than 2 (statistical photometeric error) beyond the end of the sequence and many are > 3 . Given the size of the population near the end of the HB, the large number of stars in group (4) cannot be due to a purely statistical error in photometry, unless there are underestimates of the Stromgren u magnitude or mismatches far beyond what we anticipate. Alternatively group (4) is a real population of very hot objects, largely in advanced evolutionary stages, or perhaps even merger products which have a spread in core masses. \Hot Flashers," stars which lose a large amount of mass on the RGB and subsequently experience a He ash at high e ective temperatures evolve more slowly in this region, might make up part of the population observed here (Castellani & Castellani 1993 , D'Cruz et al. 1996 .
Preliminary analysis of the data involved only a single metallicity. To understand the di erent features of the HB we simulate the abundance spread in ! Cen with evolutionary tracks from three metallicities as detailed below in x 5. But rst we investigate how variations in reddening and distance modulus a ect the inferred hot star populations.
E ects of Reddening, Distance Modulus and Metallicity
To what extent do the assumed reddening, distance modulus, and metallicity a ect our interpretation of the hot star populations of ! Cen? A good t of the predicted ZAHB location to the HB would place the ZAHB at the mode of the luminosity distribution of the HB with luminosity scatter below the HB no larger than photometric error. The cooler HB stars with (FUV ? 3500) 0 > ?1:5 or T e 16000 K, also called Intermediate Blue HB (IBHB) stars, agree in this sense with the theoretical models very well at all the reddening values and distance moduli considered (see below), allowing for the spread in metal abundance in ! Cen. We do not discuss these stars further here.
The EHB stars, however, are problematic. Many of the EHB stars lie below the ZAHB by as much as 0.5 magnitudes. While photometric errors could produce some sub-HB objects, in Figure 1 the center of the population lies below the predicted ZAHB. Errors in the evolutionary or atmospheric models are also unlikely to be the cause: the fact that the model t to the HB for T e < 15000 K is acceptable makes the sudden discrepancy blueward of the gap di cult to understand in terms of model errors. It should be noted that the hottest parts of the ZAHB are actually the simplest in their stellar structure. Opacities play only a minor role here since the equation of state approximates a perfect gas above 10000 K and most of the opacity results from electron scattering. The two factors with most in uence on the EHB are the core mass and the envelope mass, the former determining log L and the latter log T e . Again, since the IBHB observations t the models well, the core mass cannot be much in error. Errors in the color-temperature relation or bolometric correction (BC) also seem implausible because they would require a rather sudden jump. For instance, the BC could increase by 0:5 mag in a narrow T e range near 15000 K.
Uncertainties in the interstellar reddening to ! Cen would a ect the t of the tracks to the data. The plot in the lower panel of Figure 1 adopts E(B?V ) = 0:15 and (m?M) 0 = 13:57, derived by tting ZAHB models to the optical data presented by Dickens et al. (1988) for the cluster derived from the main sequence turno and the (optical) HB magnitude, which are accurate to 0.2 magnitudes (Noble et al. 1991) . In this case, lowering the reddening to 0.11 implies increasing the distance modulus to 13.97. A comparison based on these values is shown in Figure  2 . As seen in Figure 2 , these values yield a somewhat poorer t than the original values, and does not signi cantly improve the t of the EHB/sub-HB stars to the theoretical ZAHB. Adjusting the distance modulus to t the EHB stars would spoil the good t for the IBHB stars. The t is better for the EHB stars, but produces more very blue stars beyond the end of the HB.
If the reddening and distance modulus are taken as free parameters, i.e., without regard to the previously determined optical band values, a better t for the EHB stars can be found. Figure 3 illustrates the CMD for E(B ? V ) = 0:20 and (m ? M) 0 = 13:37. With these values the t to the EHB stars is better, with fewer sub-HB stars, and the t for the cooler blue HB stars is no worse than in Figure 1 . However, assuming higher reddening increases the estimated T e of the hottest stars. The (FUV ? 3500) color changes by 0.27 mag as the reddening is varied between Figs 2 and 3, corresponding to a huge implied temperature uncertainty for these stars. For the high reddening value adopted in Figure 3 , there are about 25 objects with T e > 50; 000 K; much hotter than the highest temperature core-He burning stars at this luminosity. The only plausible evolutionary counterparts are much more short-lived highly evolved objects on their way to becoming white dwarfs. This color excess of 0.20 is higher than any other value determined for ! Cen, and the distance modulus is small compared to canonical estimates. In any case, this hypothesis, which seems implausible for these reasons, improves the sub-HB star problem but falls short of solving it.
A nal possible adjustment to the t with respect to reddening is in the shape of the UV reddening curve. Changing the reddening curve could leave optical E(B ? V ) values unchanged, while still having a substantial e ect in the UV. The e ect of this would still be to shift the tracks diagonally in relation to the data in the CMD, and the best t would be equivalent to that seen in Figure 3 . Such an adjustment would have the same problems with regard to the very blue stars but would (albeit by assumption) satisfy the optical band constraints on the reddening and distance modulus. An increase in A(FUV )=E(B ? V ) by 30% would accomplish this. A variation of this size from the standard extinction curve for the Galaxy is not unknown (Martin 1978) but is uncomfortable large, and there is no independent evidence for extinction curve changes in the direction of ! Cen. In addition, IUE spectra of cluster members are consistent with the standard extinction curve (Landsman et al. 1992 , Cacciari et al. 1984 . As before, this possibility seems unlikely.
The spread in metal abundance present in ! Cen must also be taken into account. Woolley (1966) found that its RGB has a large spread ( 0:2 mag) in B ? V and suspected that it was due to chemical inhomogeneity. Studies of ! Cen's RR Lyr variables (e.g. Butler, Dickens & Epps 1978 , Dickens 1989 , Greenlaw 1993 and giants (e.g. Gratton 1982 , Paltoglou & Norris 1989 , Norris, Freeman & Mighell 1996 , Suntze & Kraft 1996 have found a large abundance range, ?2:0 < Fe=H] < ?0:7. Recent work seems to favor the hypothesis that the chemical inhomogeneity in ! Cen results from self-enrichment by early supernovae which exploded before star formation ended in the cluster (Norris et al. 1996 , Suntze & Kraft 1996 , Vanture, Wallerstein & Brown 1994 . Alternatively, it could result from the merger of independent components (Searle 1977; van den Bergh 1996) .
The ZAHB position will vary somewhat with metal abundance (Sandage 1990 , Lee, et al. 1990 ). is only a small amount ( 0:20 mag) fainter than that of the median metallicity and would apply to the most metal-rich IBHB stars as well as to the EHB stars. The known metallicity dispersion is thus also not the cause of the EHB luminosity scatter. Neither can metallicity e ects produce the discontinuity seen in the HB distribution without variations in the underlying mass stellar envelope mass distribution. To summarize, adjustments in the reddening, in the foreground reddening curve, or in the distance modulus parameters do not seem capable of producing good ts to both the IBHB and the hotter objects, nor can the known metallicity spread in the cluster produce the sub-EHB population or the HB discontinuity. For de niteness in the rest of the paper, we adopt the values E(B ? V ) = 0:15 and (m ? M) 0 = 13:57 derived from the optical data by Dickens et al. (1988) .
Dynamical Segregation and Radial Gradients
Another possible explanation for the CMD structure of the hot HB is that the EHB stars comprise a distinct population with a di erent history from the remainder of the HB. They could result from binary mass transfer or mergers, as discussed by Bailyn et al. (1992) or other dynamical interactions with the cluster environment (Djorgovski & Piotto 1992 , Fusi Pecci et al. 1993 . If the EHB population originates in this way, we might expect to see a di erence in the radial distribution between the EHB and IBHB stars. Figure 5 shows cumulative radial pro les for the EHB (FUV ? 3500 < ?1:5; FUV > 14:4) and IBHB (FUV ? 3500 > ?1:5; FUV > 14:4) star counts. These pro les indicate a marginally signi cant di erence in the radial distributions, with 967 cooler IBHB stars slightly more centrally concentrated than 315 EHB stars. A K-S test yields a 2.4 percent probability that the two sets are drawn from the same population. This result, however, is opposite of that found by Bailyn et al. (1992) , who found a 90% probability that the EHB stars are more centrally concentrated in their sample of 44 EHB stars, 302 HB stars, and 885 subgiants. When they corrected for completeness e ects, their derived probability increased to 99%, since EHB stars were most likely to be missed in the inner radii.
Closer examination shows that completeness e ects and crowding, which are functions of radius may also produce our result. Crowding a ects the radial pro les of the EHB and IBHB stars in a signi cant but indirect way. Our derived colors are subject to blending and mismatches, which might arise where a red-giant (RGB) star is located close to a hot star. The result is a measurement that is arti cially red, being a good deal brighter in u than the hot star, but has the same FUV magnitude. This can move it, for example, from the EHB into the IBHB region of the CMD. Since the RGB stars are very abundant in the core the probability of such a coincidence is higher, perhaps giving rise to a gradient such that the hotter stars are less abundant in the center 3 .
It is possible to simulate this crowding e ect. In tests similar to the completeness tests performed in Paper I, arti cial stars were added to the frames, and the number fraction of EHB stars which coincided with red giants was used to adjust the numbers radially. Figure 6 shows the pro les adjusted for crowding e ects. There are about 893 IBHB stars and 389 EHB stars that were included in the radial pro les. Statistically, neither population is now centrally concentrated compared to the other: the K-S test probability is now 33.1 percent that the two sets belong to the same population. The uncertainty of the completeness/crowding adjustment limits the accuracy of the corrections; a larger or smaller adjustment might show a di erence in radial pro les, but our data does not strongly support any di erence in radial distribution between the EHB and other HB stars.
To summarize, any di erences in the radial pro les of hot and cool HB stars cannot be distinguished from observational e ects. Our conclusion in this section is that there is no evidence from the HB distribution that dynamical interactions are important for the origin of HB or EHB stars. This result is in strong contrast to that found for blue stagglers (BSS) which are commonly thought to be the result binary mergers and/or stellar collisions. BSS are found to to be strongly concentrated in cluster cores and have radial distributions signi cantly di erent from HB stars (e.g., Ferraro et al. 1997 and references therein). Our result does not bear on the masses of the EHB stars compared to ordinary HB stars. Indeed, we are suggesting that these hot stars are just an extension of ordinary HB stars which, if the standard model for the HB is correct, are less massive than the normal HB stars. Presumedly they lost more mass near the RGB tip. If HB stars were dynamically relaxed the EHB stars would be more spread in radius. However, even at the center of ! Cen the relaxation time is 5.8 Gyr (Djorgovski 1993) compared to an HB lifetime of 0.1 Gyr, and we would expect no di erence in the radial distributions of \true" HB stars. At least for the case of ! Cen we see that cluster dynamical e ects are not essential to the production of a large EHB or hot supra-HB population.
Hess Diagram Simulations for the HB and Post-HB Population
In this section we compare the Hess diagram of ! Cen|i.e., the distribution of star densities in its CMD|to theoretical predictions. More details on the methods, including simulations of the optical band Hess diagrams of M3, M5, M13, are given in Whitney et al. (1997 , see also Rood, Whitney & D'Cruz 1997 . We make use of the theoretical stellar evolutionary tracks computed by Dorman et al. (1993) and D'Cruz et al. (1996) and atmospheres by Kurucz (1991) . These atmospheres cover most of the range of interest; some surface gravities run slightly higher, but they have little e ect on UV colors and magnitudes, so we were able to extrapolate successfully. To cover the metal abundance range in ! Cen, grids of evolutionary tracks for Fe/H] of ?2:0, ?1:5, and ?0:5 are used (Dorman et al. 1993 ). Each track is for a star of constant total mass, determined by the sum of the core and the envelope mass on the ZAHB. These tracks are illustrated in Figure  7 . To populate the ZAHB more densely and evenly, we have interpolated the tracks for each step of 0:001 M in total mass (not illustrated).
To create a simulated Hess diagram, one imagines the CMD (in theoretical L; T e coordinates) divided into a large number of \pixels." The density of each pixel is proportional to the total length of time spent in the pixel by all model tracks passing through it. The resulting density \image" can then be manipulated by standard image processing techniques. Figure 8 shows contour plots of the Hess diagrams at the three metallicities with 3 pixel Gaussian smoothing to avoid sharp edge e ects. This smoothing corresponds to 0.03 in log T e and 0.04 in log(L=L ). In Figure 8 , and all other contour diagrams presented, the values of the contours are arbitrary in absolute value with higher values indicating higher density regions.
In these simulations we assume that the ZAHB is populated with a \ at" mass P(M) = constant at each metallicity, i.e., all masses are equally probable along the ZAHB. The real mass distributions are unlikely to be at. However, we have no predictive theory for P(M) at any single metallicity much less how it changes with metallicity. Flat distributions introduce the minimum prejudice about the mass loss process.
It is useful to think of the Hess diagrams in Figure 8 as blocks of clay from which real HBs are to be sculpted. For example, either age or mass loss carve away the peak at the red end of the HB in the higher metallicity cases. \Clay" cannot be added. If a \feature" like a gap does not appear Figure 7 . All ZAHB masses were assumed to be equally probable in creating these diagrams.
in a P(M) = constant distribution but does appear in the observations, then that feature must have been \sculpted," perhaps by details in the mass loss process. The main features of the Hess diagrams in Figure 8 are: (i) the heavily populated HB, which shows no gaps, (ii) a band above the HB which is where the supra-HB stars spend most of their post-HB evolution, and (iii) a concentration of stars near the base of the AGB, called the AGB clump. The supra-HB band represents the initial part of the stable He shell burning phase and gives the appearance of a \second horizontal branch," though at much lower density than the ZAHB. During the transition between core He exhaustion and stable He shell burning there is a rapid increase of luminosity as the He-exhausted core contracts. This creates a \valley" between the two horizontal concentrations seen in Figure 8 . The AGB clump arises similarly. Stars on the red part of the HB evolve toward the AGB. When they enter the stable He shell burning phase, the evolutionary tracks tend to converge in the HR diagram, giving rise to the AGB clump. The theoretical Hess diagrams have been converted to color-magnitude diagrams using Kurucz synthetic stellar spectra. However, two technical problems exist which can be seen in Figure 8 . First, at the highest metal abundance (?0:5), the e ective temperatures on the AGB are low enough that they drop below 3500 K, the lowest temperatures in the Kurucz atmosphere grid. In our case, this is not critical, since such cool stars are not present in our far-UV image. Second, the populations at the di erent metallicities are structurally distinct. A theoretical Hess diagram based on a weighted sum of these three discrete distributions will produce an erroneous simulation, which is not smooth in the CMD, but instead appears as three distinct populations, as shown in Figure 9 (upper panel).
To interpolate smoothly between the Hess distributions for discrete metal abundances, we use image-processing \morphing" techniques. The method used here is based on routines which are part of the Interactive Data Language (IDL) Version 4.0 software package (Research Systems, Inc., Denver CO). The basic method followed is to interpolate from one image to the next while slowly shifting corresponding \control points" which correspond to the same morphological structures in the two images. The important step is picking the corresponding control points for the images. In this case, the points chosen are those of astrophysical signi cance: the hot and cool ends of the HB, at the highest and lowest luminosities; the saddle point between the HB and the AGB; the peak of the AGB-clump; the end of the AGB-tail; a point midway between the AGB-clump and the AGB-tail; the ends of the supra-HB; and the boundaries of the di use population above the supra-HB. This technique works well; a comparison of the added and morphed Hess diagrams for the 3 metallicities is shown in Figure 9 . As can be seen, the added frames show obvious separations of the three metallicities, while the morphing produces a single, smooth population. We have weighted each of the three metallicities equally when combining HBs of di ering metallicity. The actual metallicity distribution of ! Cen is peaked near Fe=H] = ?1:4 and falls o rapidly toward higher and lower values (Norris et al. 1996) . The equal weighting of metallicities will emphasize the edges of the distribution as compared to the real HB and could obscure some features present at a single metallicity. Continuing with the analogy a block from which the real HB must be carved, we can now \carve" both in metallicity and mass. For example, carving away some of the higher and lower metallicity stars, as would be required for a realistic distribution, will smooth and round the lower edge of the distribution. Important information might be garnered from the study of such features, but this is a formidable problem which we will consider in future papers.
Here we consider only gross features|these include: the HB stars and the supra-HB population with no gap is apparent in the HB itself and a small sub-HB population. Basically, the combination of metallicities preserves the features present at each metallicity. Figure 10 shows the morphed Hess diagram from Figure 9 converted to observed coordinates.
For comparison, Figure 11 displays the observed data for ! Cen, smoothed by an amount comparable to the error bars. The simulated Hess diagram does not have the observed gap in the HB. Most globular cluster HBs are better t by assuming their ZAHBs are populated with Gaussian mass distributions, such as presented by Rood (1973) . Figure 12 shows the Hess diagrams resulting from a ZAHB mass distribution Figure 11 and Figure 12 shows that no single Gaussian mass distribution models the observed ! Cen population well. Overlaying two of the mass distributions would be better but would imply a bimodal split in the mass distribution. Neither of the assumed forms for P(M) yields a satisfactory explanation of the observed Hess diagram structure in ! Cen. However, we nd that better ts can be achieved by considering a simple distribution not in ZAHB mass but instead in the e ciency of mass loss during RGB evolution. By evolving red giant star models and allowing mass loss according to the Reimers' formula (1977) , we can populate the ZAHB for a range of the Reimers mass loss e ciency parameter, R , as explained in D' Cruz et al. (1996) . The range of used here is larger than that (0.25{0.5, Renzini 1977) used to produce \normal" globular cluster HBs. For high values of the stars lose so much mass that they peel o the RGB before reaching its tip and move to high temperatures, rapidly settling onto the WD cooling curve. Depending on the He core mass, some of these objects ignite He at high e ective temperatures as hot He-ashers (see also Castellani & Castellani 1993 ). Since they are now He-core-burning stars, the hot-ashers quickly move to locations on the EHB, including points blueward of the lowest envelope mass models (0.003M ) in the Dorman et al. (1993) grid.
The hot He-ashers form a \blue hook" at the hot end of the ZAHB and become part of the EHB population. The hot ashers with the largest RGB mass loss de ne the blue end of the HB. As the hot ashers have almost constant envelope mass and a slightly smaller core mass than the canonical constant ZAHB core mass, they are about 0.1 magnitudes less luminous as the other EHB stars. A larger population of blue hook stars is produced from a P( ) = constant distribution than from a P(M) = constant distribution because a large range in at high values of produces a concentrated, small range of total ZAHB mass.
We have created simulated Hess diagrams using the models from D 'Cruz et al. (1996) described in Table 1 . The Table contains a summary of the RGB models calculated for the three metallicities assumed. All models of the same metallicity are grouped together with the metallicity, O/Fe] value, initial stellar mass, M init , and RGB age (the age of a constant mass model at He ash) indicated at the beginning of each group. The rst column lists values of for which RGB models were computed. The nal mass, M , He-core mass, M c and nal envelope mass, M env are given in columns 2, 3, and 4 respectively. The last column indicates the evolutionary behavior of the models: \He-asher" is a classic RGB tip asher, \RGB peel-o , He asher" indicates a hot He-asher, and \Flash-manqu e" means that the star peeled o the RGB but failed to ignite helium.
As an example we have considered a P( ) = constant distribution over the range of = 0:30 to = max , where max is the largest value of which forms an HB star. Figure 13 shows the resulting Hess diagram created from the three metal abundances, which are then morphed together smoothly to create a composite population. Fig. 13 .| Simulated Hess diagram produced by populating the ZAHB with a at distribution in Reimers' mass loss e ciency parameter using the models of D 'Cruz et al. (1996) . Note the large EHB/blue hook population and the gap between the EHB and the IBHB. Scatter to the red in the blue hook stars could produce an apparent population of sub-HB stars.
Two interesting features can be seen in Figure 13 . First, there is a clump of stars at the blue end of the HB, much like what is observed in ! Cen. Second, there is a de ciency of stars between this dense clump and the remainder of the HB, again similar to the observed ! Cen data. The IBHB and the supra-HB features exist and are in reasonable agreement with the observations. The gap arises in part because as metallicity increases the range of corresponding to the mid-HB region (from the blue edge of the RR Lyrae strip through the IBHB) decreases, resulting in a depletion in the stars in that part of the HB. The stars at the blue end of the HB arise because the range of covering that part of the HB is relatively large. This causes more stars to populate that region relative to the P(M) = constant distribution. In addition, the blue hook stars at the end of the ZAHB can lie up to 0.1 mag below the canonical ZAHB because their core masses are smaller. Photometric scatter of blue hook stars will tend to produce the sub-HB population. The correspondence between the observed and simulated Hess diagrams is encouraging but not perfect. Clearly, other factors have to be taken into account. The true distribution in is unlikely to be at, but if the mass-loss process is such that the total mass lost from stars has a wellde ned mean and dispersion, then the distribution may be modeled by a Normal distribution, i.e. a Gaussian. If this Gaussian has its peak located in the IBHB region, it would still produce a separate group of EHB stars from its high temperature tail if it were broad enough. This would result in an HB distribution similar to the optical data (Bailyn et al. 1992 ) and that of Figure  11 . We have seen that the blue hook stars extend to slightly fainter magnitudes than the rest of the HB due to their lower core masses. This could help explain the \sub-HB" aspect of the EHB stars observed in ! Cen, although the EHB stars observed in the cluster appear redder than the theoretical blue hook stars. It must be remembered that the ! Cen EHB stars lie very near the detection threshold for the Str omgren u photometry, which provides a selection bias toward the red side of the photometric scatter. The blue hook stars in these models have almost the same envelope mass, but in reality it is likely that some small range of envelope mass would occur, causing a smearing in e ective temperature and UV color, mainly to the cooler/redder side. It is unlikely that the sub-HB population has been a ected by He mixing on the giant branch according to the stellar models of Sweigart (1997) . Additional He in the stellar envelope will result in a brighter and bluer HB than predicted by canonical models. Although ! Cen's HB is very blue its hot component is underluminous which is opposite to Sweigart's 1997 models.
Conclusions
The far-UV observations of ! Centauri from Paper I have provided a large sample of hot stars suitable for statistical analysis. The FUV; u color-magnitude diagram of the cluster shows that the HB consists of a group of cooler IBHB and a group of EHB stars, together with a large population of post-HB stars. Unexpected features in the diagram are a discontinuity between the EHB and IBHB objects lying at (FUV ? 3500) 0 ?1:5 or T e 16; 000 K; an unusually large population of stars below the EHB; a population of stars that are too hot to be in the core-helium burning phase and must be post-HB stars; and a number of sources with FUV radiation in excess of the \in nite temperature blackbody" limit, which are therefore assumed to be emission-line objects.
A reddening of E(B ?V ) = 0:15 and a distance modulus of (m?M) 0 = 13:57 based on optical data (Dickens et al. 1988) tted to canonical theoretical evolutionary models provides a good t to stars with (FUV ? 3500) 0 > 1:5, but for the hotter EHB stars the t is poor. Using a lower reddening value of E(B ? V ) = 0:11 as found by Noble et al. 1991 , and the distance modulus of 13.97 appropriate for this reddening yields a poor t to both groups of stars. The EHB is arguably best t with values of E(B ? V ) = 0:20 and (m ? M) 0 = 13:37, but these imply a large number of stars hotter than the hottest likely theoretical counterparts and are inconsistent with values obtained from other observations. The known metallicity dispersion in the cluster likewise does not explain the EHB appearance. We have therefore adopted the Dickens et al. values and sought other explanations for the EHB structure.
Radial distributions of the EHB and IBHB populations are similar when completeness and crowding e ects have been corrected for. As ! Cen has a loosely packed core, dynamical e ects probably have not contributed signi cantly to the production of its large EHB population.
We have compared the ! Cen FUV; u color-magnitude data to models using Hess diagrams.
A technical complication for ! Cen is its spread in metal abundance, which has been incorporated here by using image processing \morphing" techniques to blend discrete metallicity Hess diagrams.
ZAHB's produced from a P(M) = constant distribution or Gaussian P(M) distributions, where M is the ZAHB mass of a star, yield no signi cant discontinuities along the HB and otherwise do not match the observed data well. This indicates that the structure in the ! Cen HB is not due to canonical evolution from the ZAHB.
On the other hand, a distribution in mass loss e ciency during the RGB mass loss process produces better ts. Using D'Cruz et al. 's (1996) models, and assuming a uniform distribution in the Reimers' mass loss parameter, , it is possible to reproduce at least approximately both the discontinuity and the population of sub-HB stars. The discontinuity is a simple result of the mass distribution function which is produced by P( ) = constant. A large range of for > 0:70 will produce stars with a relatively small range of ZAHB masses which lie on the hot end of the EHB. However, as metallicity increases, the range of that populates the region between the EHB and IBHB decreases as increases. This creates a depletion of stars near the observed discontinuity in ! Cen. EHB stars that form the blue hook lie slightly below the expected ZAHB because they have lower core masses compared to the canonical ZAHB. Photometric scatter of stars in the blue hook can produce some, if perhaps not all, of the observed sub-HB stars. The agreement between observed and theoretical Hess diagrams is not perfect, but encouraging, especially considering that neither our mass loss e ciency distribution nor metallicity distribution are realistic.
Mass loss is a key to populating the ZAHB, but it is a process that we do not yet fully understand. Our interpretation requires a large range in the e ective during RGB mass loss reaching to relatively high values. Further study of mass loss on the RGB and how it relates to the ZAHB is warranted, as well as further observations of the end of HBs in those globular clusters with blue tails. The known distributions of nal masses could shed light on the process or trends in mass loss during RGB evolution as well as on the production of extremely blue HB stars.
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